The aim of this article is to evaluate the simultaneous application of eye movement recording methods. The three methods of recording are the electro-oculogram (EOG), the corneal reflection method by a still camera (EMC) and the EMC aided by a computer (EMCC).
Many methods of recording eve movement have been developed in recent years. These efforts were focused on higher recording accuracy, more convenient operation and freedom of head movement (Young, 1976) . The methods have distinctive features in experimental situations. Some are harmless to the subjects but of low accuracy, while others have very high accuracy but require rigid head immobilization. Lehtela (1981) reported on research concerning these methodological problems. He used both an electro-oculogram and corneal reflection camera (NAC eye mark recorder). Osaka, Miwa, Sugiura, and Koga (1981) tried to compare three modes of recording simultaneously: the electro-oculogram, the corneal reflection methods by still camera and the computeraided corneal reflection method. In this latter study, it is unfortunate that the corneal reflection camera method was insufficient as an instrumental device. Thus only two different recording methods were compared strictly speaking.
The aim of this article is to show the distinctive features of three kinds of data recording methods in a simultaneous recording situation, i.e., the electro-oculogram (EOG), the corneal reflection method by still camera (eye movement camera, EMC), and the computer-aided automatic corneal reflected image processing method (EMC aided by computer, EMCC) which were used in combination.
In our laboratory these three methods are normally used in different experimental situations independently.
The EMC method is the most well-known method of the three.
Although quantitative analyses are difficult particularly as to the time sequence, the operation is convenient and the analysis of eye movement trace patterns can easily be done using this method.
On the other hand, the EMCC method, which has been newly developed in our laboratory has an automatic tracking and digitizing function of the corneal reflection image, great accuracy and high speed sampling time. As for quantitative analysis, EMCC is the most suitable method.
The development of the EMCC method was started about four years ago (Koga, 1979 (Koga, , 1980 (Koga, , 1981 (Koga, , 1982 Osaka, Kida, Miwa, Koga, & Sugiura, 1979) . Several psychological data obtained from research using this system were published (Koga, Osaka, & Miwa, 1980; Osaka, Kida Miwa, & Koga, 1982) . As to the EOG recording method, a high gain and low noise DC-amplifier and a depolarized high quality electrode is necessary. The high quality sintered type Ag-AgC1 electrode made in our own laboratory, were used (Osaka, Miwa, & Taniguchi, 1982) .
In this study these three modal recording methods were applied to the same eye movements simultaneously.
The comparison of these methods will be discussed. 
Results
The data of three trials were almost similar. The data which are shown in Figs. 5a and 5h were an example from one trial. In the left two columns of Figs. 5a and 5b, the EOG data is shown both as a horizontal/vertical component pattern produced by a pen oscillograph and their compounded two dimensional patterns produced by the XY-recorder.
In the latter case, to clarify the fixation and saccades, a little absorbent blotting recording paper were used. If the fixation was continued for a while, the fixated point can be identified as the blotted points. On the other hand the saccadic eye movements were expressed by the fine recorded lines in accordance with their saccadic speeds. The right two columns of the data in the same figure were plotted by the XY-plotting machine using the application software for the EMCC data. The software had two main functions. One was to produce the four kinds of figures based on the digitized data. Two of them are shown in Figs. 5a and 5b, the horizontal vertical component figure and their compounded plottings. There are two other kinds of figures that are shown in Fig. 6 . The upper figure which is called polar diagram of eye movement vectors indicates the direction and size of saccades. If the fixation are stable the size vector seems to be small. The bottom one which is called fixation contour-map means the cummulative histogram of the eye positions which stayed at the same positions. The more stable is fixation, the higher histogram is to be seen. The other function of the software is to normalize the raw data and calculate the total length of the eye movement pathway in each of the horizontal/ vertical data and its compounded data. EMC data are shown only as two-dimensional eye movement trace patterns in the center column of Figs. 5a and 5b.
There are some differences in each modal measurement. The EOG measure- sition, and the output level of the data recorder was adjusted in accordance with the horizontal/vertical ratio of the calibration of the visual angle to compensate for the position difference of the electrodes. But there is a distortion of the visual trace pattern. It may depend on the effect of electrode position-mismatch which cannot be cancelled out by the adjustment of the output level. A study of the EOG vector potential map around the eye-ball will be necessary to measure the multiple position potentiality of the EOG simultaneously. If the map is standarized, the position at which the electrodes are to be attached can be determined instantly.
Another way of solving this problem is to go through the digital transformation of the A/D converted EOG data according to the accurate horizontal and vertical eye movements. If the A/D conversion of the EOG is done in the accurate measurement condition, the distortion of the eye movement trace pattern which is due to the electrode's position mismatch can be corrected by the transformational procedure of data. The EMCC measurement data shows both the horizontal/vertical component individually and the compounded figure. Saccadic eye movements are not shown completely in this data. The sampling time for the digitalization is 1/60 seconds which is not so sufficiently fast enough to record the large saccades. A faster sampling time over about 1/300 seconds or more will be needed. But the EMCC measurement system is powerful enough to measure micro eye movements during fixation. In Figs. 5a and 5b, the data of the fixation trials of the EOG and EMC are not indicated in detail. On the other hand, the EMCC recordings of fixation show very small eye movements about 6'/16.7 ms of accuracy. Higher accuracy of about 2'/ 16.7ms or more using another optical combination is achieved now in our laboratory.
Discussion
Merits and demerits exist in each method. The merits are as follows. Quantitative analysis is possible with the EMCC method because of the digital data form. The main purpose of this article lies in the comparison of three different methods of eye movement recordings, so the digital data analysis was not done. The description of small or micro eye movement during fixation are more clearly described by the EMCC method than by the EMC or EOG methods. The finest recordings of high speed eye movement of saccades are realized by the EMC and EOG methods.
The demerits of the methods are as follows: The two-dimensional compounded Fig. 7 . The improvement of the corneal reflection lamp and the EMC data which is obtained by the improved apparatus.
In the right figure, the part of dark trace in saccades are actually in red colour, and bright ones in saccades and fixations are in tungsten colour. A dark or bright part of the stripe shows the 4.5 ms saccadic time. The subject's code is 82807M. As to the quantitative analysis of the EMC, it has been suggested that a time sequential analysis by improving the corneal reflection lamp is possible. To realize this potential, some improvements has been made in the experimental apparatus, as shown in Fig 7. A wheel divided into ten sectors, red and transparent, which are set in front of the corneal reflection lamp, can be rotated at 1333 rpm (min-1).
The beam of the corneal lamp are changed from red to noncoloured in 4.5 ms alternatively.
Consequently, the saccadic trace on the film is made in red and non-red stripes sequentially.
In this case, the film needs a high sensitivity above ISO 1600 or more to get the normal exposure.
The sample data obtained from this method is shown in Fig. 7 . A parts of dark trace in saccades were in red, actually, and the bright ones in saccades and fixations are tungsten coloured. The faster the saccade come to, the lower the frequency of stripes in the saccades. The saccades of the horizontal direction seems to be smoother than that of vertical.
The saccadic speed of horizontal movements seems faster than that of vertical. Time sequential analysis can be done by this method in the EMC method.
The conclusion from the comparison of the three method is reduced as follows. The multiple measurement can compensate for the demerits of each method. The best way to measure the eye movement is to apply the combined use of them. The best combination is the EMC and the EMCC methods while fixation can be recorded by the EMCC method more exactly. The EOG method can compensate for both the demerits of the EMC and EMCC methods.
But the accuracy of the EOG is not so great.
To test the reliability of the corneal reflection method, simultaneous application of the EOG method must be made, because the corneal reflection method and the electro-oculogram can measure the different aspects of the same eye movement.
